Phospholipid flippases in the type IV P-type ATPase (P4-ATPases) family establish membrane asymmetry and play critical roles in vesicular transport, cell polarity, signal transduction, and neurologic development. All characterized P4-ATPases flip glycerophospholipids across the bilayer to the cytosolic leaflet of the membrane, but how these enzymes distinguish glycerophospholipids from sphingolipids is not known. We used a directed evolution approach to examine the molecular mechanisms through which P4-ATPases discriminate substrate backbone. A mutagenesis screen in the yeast Saccharomyces cerevisiae has identified several gain-offunction mutations in the P4-ATPase Dnf1 that facilitate the transport of a novel lipid substrate, sphingomyelin. We found that a highly conserved asparagine (N220) in the first transmembrane segment is a key enforcer of glycerophospholipid selection, and specific substitutions at this site allow transport of sphingomyelin.
Phospholipid flippases in the type IV P-type ATPase (P4-ATPases) family establish membrane asymmetry and play critical roles in vesicular transport, cell polarity, signal transduction, and neurologic development. All characterized P4-ATPases flip glycerophospholipids across the bilayer to the cytosolic leaflet of the membrane, but how these enzymes distinguish glycerophospholipids from sphingolipids is not known. We used a directed evolution approach to examine the molecular mechanisms through which P4-ATPases discriminate substrate backbone. A mutagenesis screen in the yeast Saccharomyces cerevisiae has identified several gain-offunction mutations in the P4-ATPase Dnf1 that facilitate the transport of a novel lipid substrate, sphingomyelin. We found that a highly conserved asparagine (N220) in the first transmembrane segment is a key enforcer of glycerophospholipid selection, and specific substitutions at this site allow transport of sphingomyelin.
sphingomyelin | P4-ATPase | membrane asymmetry | directed evolution T he asymmetry of the membrane bilayer is a fundamental feature of the eukaryotic plasma membrane (1) . Phospholipid (PL) species such as phosphatidylserine (PS), phosphatidylinositol (PI), and phosphatidylethanolamine (PE) dominate the cytofacial leaflet, whereas phosphatidylcholine (PC) and various sphingolipids (SLs) populate the exofacial leaflet (2, 3). Organelle membrane asymmetry has proven more difficult to study, and the precise distribution of PLs is still unclear; however, evidence suggests that the organelles of the secretory and endocytic pathways also exhibit asymmetric membranes. For example, PS is initially enriched in the luminal leaflet of the endoplasmic reticulum (ER) but flips to the cytofacial leaflet at the trans-Golgi network (4) . This asymmetric membrane architecture has been demonstrated to affect membrane curvature (5) (6) (7) (8) , secretory function (6, (9) (10) (11) (12) (13) (14) (15) (16) , membrane polarization (17) , and intra-and intercellular signaling (17) (18) (19) (20) .
PL flippases in the type IV P-type ATPase family (P4-ATPases) help establish membrane asymmetry by using ATP to transport specific glycerophospholipids (GPLs) from the luminal/exofacial to the cytofacial leaflet of the membrane (21, 22) . P4-ATPases have been implicated in a host of diverse diseases such as hepatic cholestasis (23) (24) (25) , aberrant lymphocyte development (26, 27) , anemia (27, 28) , hearing loss (29) , neurologic disease (30) (31) (32) , and diabetes (33) . Eukaryotic organisms express several P4-ATPases that have different subcellular localizations, tissue specificities, and substrate preferences (34) . Understanding the substrate preferences of these enzymes and the physical means of substrate discrimination is important for understanding their role in membrane biology, development, and disease.
The P-type ATPase family shares a conserved enzyme architecture that can be separated into four primary domains: the actuator (A), the nucleotide-binding (N), the phosphorylation (P), and the transmembrane (TM) domains (35) . P4-ATPase substrate selection and translocation are coordinated entirely by the TM domain, which is composed of 10 membrane-spanning helices and several short perimembranous loops (36) . The yeast P4-ATPases Dnf1, Dnf2, and Drs2 and the mammalian P4-ATPase ATP8A2 use conserved residues within TM segments 1, 2, 3, 4, and 5 to determine substrate selection and transport (36) (37) (38) (39) (40) (41) , have the ability to change PL selection and transport. For example, Dnf1 normally transports PC and PE, but gain-of-function mutations have been isolated that allow Dnf1 to transport PS (36, 38, 39) . Thus, the mechanism of substrate discrimination by P4-ATPases is starting to emerge. However, only PLs containing a glycerol backbone (sn-1,2-glycerophospholipids) are known to be endogenous substrates of these flippases (42) (43) (44) (45) , and no P4-ATPases have been demonstrated to transport SLs. These findings imply that the enzyme binds and selects not only the headgroup and fatty acyl chains but also the glycerol backbone; however, the mechanism these enzymes use to select the backbone was unknown until now.
We have determined how a P4-ATPase discriminates and selects its GPL substrate through the directed evolution of a sphingomyelin (SM) flippase. The yeast P4-ATPase Dnf1 normally recognizes PC and PE but does not transport SM efficiently even though SM and PC have the same phosphocholine headgroup (36, 39, 46) . We reasoned that a screen for Dnf1 gain-of-function mutations that allowed SM transport could identify residues important for backbone selection. Because budding yeast do not produce SM, but instead synthesize SLs containing a phosphoinositol headgroup, we anticipated that these Dnf1 variants would not perturb the growth of the cells. We have engineered a yeast P4-ATPase that
Significance
The asymmetric organization of cellular membranes is a critical determinant of cell and tissue physiology. Phospholipid flippases are principle regulators of this membrane asymmetry, and understanding their mechanics will be important for determining how deficiencies of these enzymes lead to several different diseases. The current study has identified a key structural mechanism for the exclusion of sphingomyelin as a flippase substrate. Understanding how these unique enzymes recognize and transport substrates can direct pharmacologic and therapeutic strategies for medical applications. Finally, the specificity of this designer enzyme represents a unique opportunity to modulate membrane biology intentionally through directed perturbations in phospholipid asymmetry.
recognizes and translocates a fluorescently tagged SM. This SM flippase is derived from Dnf1 with two substitutions, one in TM1 and a second at TM5. These backbone-selective substitutions cluster near, but are independent of, previously identified residues that influence substrate transport, headgroup coordination, and acyl-chain occupancy.
Results
Two independent but related sites specify substrate translocation at the cytofacial (entry gate) and exofacial/luminal (exit gate) aspects of the TM domain in yeast P4-ATPases (39) . These two sites are composed of clustered residues capable of selectively influencing substrate translocation depending on PL headgroup or acyl chain occupancy; however, no mutations at these sites substantially change the preference for GPL versus SL substrates. To determine the primary structural components regulating the selection of the glycerol backbone, we leveraged three previously generated libraries of Dnf1 mutations (38, 39) . These plasmid-linked libraries were created in a dnf1,2,3Δdrs2Δ background (lacking four of the five yeast flippases) using errorprone PCR-based mutagenesis of TM1-2, TM3-4, and TM5-6 (Fig. 1A) . Collectively, these libraries represent ∼6,000 mutations targeted to ∼250 codons.
PC and SM are structurally similar PLs (Fig. 1B) ; each contains a choline headgroup, a phosphate, and discrete acyl chains.
The primary chemical difference between these two molecules is the backbone (glycerol versus sphingosine). PLs with a fluorescent 7-nitro-2-1,3-benzoxadiazol-4-yl (NBD) label attached to a C6 acyl chain were administered to cells expressing the Dnf1 mutants, and fluorescence was measured using an established protocol (39) ; substrate transport is represented by an increase in cellular fluorescence (FITC signal). The mutant libraries were examined for increased NBD-SM uptake and sorted twice via FACS (Fig. S1A) . Sorted populations were plated for clonal isolation, and plasmids were extracted for validation (SM + ) (Fig. S1B ). Plasmids derived from the screen were sequenced and transformed into a naive dnf1,2Δ genetic background. Validation studies of the SM + clonal strains assessed and compared NBD-PC and NBD-SM uptake (Fig. S1B) . Briefly, these assays involve the administration of the fluorescent lipid, its back-extraction from the exofacial leaflet, and cellular fluorescence measurements of lipid uptake. Fluorescence values obtained from vectoronly controls were subtracted from the experimental samples to normalize for background uptake. PC is the primary WT Dnf1 substrate; therefore its fluorescence is set to 100% signal, and all other lipid uptake is presented relative to WT PC (Materials and Methods).
The ability to transport NBD-SM was the principle basis of the screen; however, the aim of the study was to identify residues capable of altering the substrate preference of Dnf1. A ratiometric analysis of substrate transport is an alternative method for examining substrate preference. Transport ratios normalize substrate uptake to a known benchmark, thereby mitigating potential false positives that could arise through a general increase in substrate transport without a change in specificity. The preferred substrate of Dnf1 is PC; therefore we examined SM/PC ratios in our SM + collection. Five mutant Dnf1 proteins demonstrated a greater than twofold increase in SM preference relative to WT (Fig. 1C) . Among these five hits, Dnf1 N220S,L242S displayed the greatest SM preference (Fig. 1C ) because of its substantially increased NBD-SM transport combined with a reduction in NBD-PC uptake (Fig. 1D) . Examinations of additional NBD-PLs, PE, PS, and phosphatidic acid (PA), indicated that several of these new positions were also influencing headgroup coordination (Fig. 1D) . None of the variants recognized NBD-PA, and most of the variants transported NBD-PE at levels similar to WT Dnf1. However, several of the Dnf1 mutants displayed a substantial increase in NBD-PS uptake. These observations were not unexpected; the proximity of the substrate backbone and headgroup make it likely that perturbations of substrate selection at one point in the enzyme may influence binding and coordination at a secondary position. Locating the SM + substitutions on a topology diagram of Dnf1 (Fig. S2 ) highlights an interesting correlation: Cytofacial mutations tended to increase PS transport (Fig.  1D ). These data agree with previous studies that have demonstrated that the cytofacial aspect of TMs 1-4 are a major determinant of PS headgroup selection in Dnf1 and Drs2 (36, 38, 39) . Dnf1 N220S,L242S is composed of substitutions at the cytofacial (N220S) and luminal/exofacial (L242S) aspects of the TM domain, and we sought to determine if one of these residues was dominant in the selection and transport of NBD-SM. Singlesubstitution alleles were generated for each mutation and were examined as described above. Measurements of NBD-SM transport demonstrate that the selection of and preference for NBD-SM is largely retained in the Dnf1 N220S single mutant ( Fig. 2 A and B) . Examinations of alternative acyl chain lengths for the PC and SM substrates revealed no changes in these preferences and established that the substrate could not be accommodated if the NBD group was placed on the long-chain base (Fig. S3 ).
An alignment of diverse P4-ATPase sequences illustrates the identical conservation of asparagine at position 220 of TM1 ( Fig.  2C and Fig. S4 ), suggesting that this residue may be a conserved Negative values occur when the uptake of vector-only control NBD-PL is greater than the uptake of experimental samples. n ≥ 9 ± SEM for all data. Comparisons to WT ratio or substrate uptake were made with one-way ANOVA using Tukey's post hoc analysis; *P < 0.05; ***P < 0.001; ****P < 0.0001.
mechanism for selection of the substrate's glycerol backbone. Conservative substitutions demonstrated the functional nuances of the N220S mutation. Exchanging the serine hydroxyl for a cysteine sulfhydryl in Dnf1 N220C failed to recapitulate the NBD-SM selection and preference phenotypes (Fig. 2 A and B) , whereas Dnf1 N220T retained the selection of ( Fig. 2A) , but not preference for (Fig. 2B) , NBD-SM. Additional substitutions at the 220 position revealed enhanced NBD-PS transport with nearly any mutation (Fig. 2D) . Collectively, these data indicate that the N220 side chain is involved in a complex substrate-binding pocket and, when changed to a hydroxyl, has the ability to select the sphingosine backbone.
The ability for N220S to influence sphingosine backbone and PS headgroup selection suggested that this residue may be positioned near the previously defined cytofacial "exit gate" of the Dnf1 enzyme. To determine where the N220 residue may be located relative to headgroup-selective residues, we modeled Dnf1 onto a crystal structure of the sarco/endoplasmic reticulum calcium ATPase (SERCA) (PDB ID code 3W5D) (47) . This structure of SERCA, a P2-ATPase, was chosen because of its predicted structural homology with the P4-ATPase family. Additionally, the 3W5D structure of SERCA was cocrystallized with an ordered PE near the analogous exit gate of Dnf1 (Fig. 3A, Inset) . The coordination of PE at this position has been seen in several crystallography studies of SERCA and is proposed to be a conserved binding site involved in modulating Ca 2+ transport (48, 49) . In the Dnf1 homology model, PE was placed into the site at which it was bound in SERCA (47) with the side chains relaxed for energy minimization. The headgroup of PE in the Dnf1 (PDB ID code 3W5D) model is predicted to be in close proximity to previously identified exit gate residues F213, T254, D25, N550, and Y618 (38, 39) with N220 clustered nearby (Fig. 3A, Inset) . The juxtaposition of N220 near the exit gate and its influence on NBD-PS transport led us to question whether N220 may have a primary influence on backbone specificity or a secondary influence through coordination of nearby exit gate residues, which in this model are proximal to the glycerol backbone. Exit gate substitutions that enhance PS recognition do not significantly increase NBD-SM preference (Fig. 3C) or selection (Fig. 3D) , and substitutions at Y618 were previously shown not to select NBD-SM (36) . These data led us to conclude that it is unlikely that N220S increases the preference for SM through a secondary influence on these exit gate residues. Conversely, a direct interaction of N220S with the sphingosine backbone would suggest that the PL substrate binds to the pocket in the opposite orientation relative to the PL bound in SERCA (see the legend of Fig. 3A) .
The predicted juxtaposition of N220 near N550, a residue responsible for acyl chain coordination (38) , led us to question whether substrate backbone and acyl chain occupancy may be concomitantly coordinated. The Dnf1 enzyme is known to prefer lyso-PLs, PLs with one acyl chain in the sn1 position (38) . Drs2 is a budding yeast flippase known to translocate dually acylated PS (50), which is important for secretory trafficking, and loss of DRS2 inhibits cell growth at low temperatures (10) . A previous study demonstrated that Dnf1 mutants that translocate dually acylated PS (Dnf1 N550S ), but not those capable of transporting only lyso-PS (Dnf1 GA-QQ ), can suppress drs2Δ cold growth sensitivity (38) . To test if N220 participates in acyl chain discrimination, we examined if N220 mutants that flip PS can support growth at 20°C in a drs2Δ background (Fig. S5) . Dnf1 N550S suppressed the cold growth sensitivity of drs2Δ similarly to Drs2 (Fig. S5 ), in accordance with previous findings (38) . Conversely, Dnf1
N220S
and Dnf1 N220R weakly suppressed the growth defect (Fig. S5) , suggesting a modest role for the N220 position in acyl chain discrimination.
Recently, I364 has been shown to be critical for substrate transport in ATP8A2 (40) , and an isoleucine-to-methionine substitution at this position elicits neurologic dysfunction in a family of human patients (31) . Interestingly, the conserved Ile residue (I615 in yeast) is predicted to be positioned within the critical exit gate triad of N220, N550, and Y618 (Fig. 4A, I615T did not display a defect in transport activity or altered specificity (Fig. 4 B-D) (40) ; however, Dnf1
I615S increased NBD-PS and NBD-SM selection and preference (Fig. 4 B-D) (40) . The ability of an exit gate serine at position 615 to alter backbone selection underlines the importance of hydrogen bond networks in this region. These results confirm a conserved role for I615 in substrate transport but suggest nuanced differences between Dnf1 and ATP8A2. demonstrate the coordination of backbone and headgroup selection. n ≥ 3 for PA examinations, and n ≥ 9 ± SEM for all remaining data. Comparisons to WT ratio or substrate uptake were made with one-way ANOVA using Tukey's post hoc analysis; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
The initial SM + screen identified single-residue substitutions in TM1, TM3, and TM5 ( Fig. 1 C and D) , and compound alleles were generated to test if this process would further refine SM specificity. Preliminary substrate uptake experiments in Dnf1 , and Dnf1 N220S,L1202S demonstrated that all alleles except Dnf1 N220S,C564S were functional. Expression analysis using GFP-tagged Dnf1 confirmed robust expression and PM localization for all mutants except Dnf1 N220S,C564S , suggesting that this double mutant may cause misfolding (Fig. S6) . Therefore, compound allele assessments were limited to TM1 and TM5 double mutants.
We measured substrate translocation in compound mutations Dnf1 , and Dnf1 N220S,L1202S to examine potential cooperation between these positions (Fig. 4B) . Each of the mutants demonstrated robust preference and selection for NBD-SM (Fig. 4 B and C) ; however, the compound mutants differed dramatically in their coordination of the NBD-GPL substrates (Fig. 4  B and D) . The Dnf1 N220S,L1202P double mutant in particular showed refined preference for SM over GPL substrates, reducing NBD-PC and NBD-PE relative to WT (Fig. 4B ). Dnf1 N220S,L1202P also exhibited a 10-fold increase in preference for (Fig. 4C ) and a twofold increase in transport kinetics of NBD-SM relative to NBD-PC (Fig. S7) while mitigating the NBD-PS transport previously seen in the Dnf1 N220S single mutant (Fig. 4 B and D) . The restriction of GPL substrates NBD-PC, NBD-PE, and NBD-PS was not shared by Dnf1 N220S,L1202S , indicating that these effects are likely specific to the proline at position 1202. Alignments of diverse P4-ATPases highlight an identical conservation of N220 and F1192 with little conservation of L1202 (Fig. 4E and Fig. S4 ), but no P4-ATPases were found to use a proline in this position.
Discussion
Over the last three decades a host of work has examined the substrate specificity and biological significance of many members of the P4-ATPase family, but the molecular mechanism of substrate translocation is still largely unclear (51). The current study used an unbiased mutagenesis strategy to elucidate a primary structural regulator of substrate backbone selection. The screen was designed using two nearly identical substrates, one with a glycerol backbone (NBD-PC) and one with a sphingosine backbone (NBD-SM). FACS was used to isolate cell populations that robustly translocated NBD-SM, and SM + clones were isolated and retransformed into a naive genetic background ( Fig. 1  and Fig. S1 ). Validation studies affirmed that several Dnf1 mutants conveyed an increase in NBD-SM uptake and preference (Fig. 1) . Comparisons to WT ratio or substrate uptake were made with one-way ANOVA using Tukey's post hoc analysis; **P < 0.01; ***P < 0.001; ****P < 0.0001.
The mutant that demonstrated the greatest preference for NBD-SM had N220S and L242S substitutions. We generated single-point-mutation alleles and found that the ability to recognize and translocate NBD-SM was largely conveyed by the N220S substitution. Alternative coding substitutions at this position revealed a tremendous degree of physical and chemical specificity for recognition of the sphingosine or glycerol backbone. Among these substitutions, a hydroxyl group at the 220 position was the greatest determinant of SM transport, but a serine provided greater preference for SM compared with a threonine, suggesting that the precise positioning of the hydroxyl is crucial. A cysteine at position 220 was unable to recapitulate the SM selection, although it did decrease PC uptake (Fig. 2) . The chemical differences between the glycerol and sphingosine backbones suggest that hydrogen bonding may be the key to discriminating these two substrates. The glycerol backbone is composed of a series of ester bonds capable of accepting hydrogen bonds. Conversely, the sphingosine backbone is characterized by a hydroxyl along its long-chain base and an amide linkage to its fatty-chain moiety, each functioning as hydrogen bond donors and acceptors. These observations led us to speculate that the hydrogen bonds formed by the serine hydroxyl are key to the direct selection of the sphingosine backbone. However, an additional hydrogen bond would provide a modest energetic contribution to the recognition of the new substrate, and it is equally possible that N220S indirectly influences substrate recognition by altering the positions of the surrounding residues.
Modeling the Dnf1 enzyme onto the P2-ATPase SERCA suggested that N220 clustered with several previously identified residues involved in substrate headgroup discrimination (36, 38, 39) . Further, N220 mutations demonstrated the ability to alter headgroup as well as backbone selection. This result raised the possibility that N220S may exert its influence through these previously identified exit gate components. Dnf1 , and Dnf1 N550S mutants were examined and found to have a minor influence on SM transport, suggesting that N220 is the primary determinant of GPL specificity (Fig. 3) . Hydrophilic substitutions were also made at I615, a proximal residue within the Dnf1 exit gate and a position that is analogous to the ATP8A2 I364 mutation known to elicit neurologic disease (31). Although we were unable , and Y618; these residues participate in substrate backbone, acyl chain, and headgroup selection, respectively. The rotated view of the model reveals alternative orientation of PL substrate within the exit gate, consistent with the positioning of headgroup-selective, backbone-selective, and acyl chain-selective residues as indicated and shown in sticks. PE is shown in the model as sticks with shaded spheres to illustrate spacing and colored by element. (B) Comparisons of PC, PE, PS, and SM transport among I615M, I615S, I615T, and N220S compound alleles with preferences for SM (C) and PS (D). n ≥ 9 ± SEM for all data. Comparisons to WT ratio or substrate uptake were made with one-way ANOVA using Tukey's post hoc analysis; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (E) An alignment of P4-ATPase sequences reveals conservation of F1192 but not L1202. (F) Cartoon schematic of TM-domain substrate transport indicating the putative secondary influence of L1202 for PS selection at the entry gate and the primary selective role of N220 for SM selection at the exit gate.
to recapitulate the catalytic loss of function previously reported in ATP8A2, we noted that I615S significantly increased NBD-SM transport. To date, SM translocation by ATP8A2 I364 mutants has not been examined. It would be interesting if the disease-relevant isoleucine-to-methionine substitution alters GPL versus SL preferences in the context of ATP8A2, because changes in SL distribution and metabolism have been shown to significantly impair neural function (52, 53) .
One prevailing observation throughout the study was an increase in NBD-PS translocation by Dnf1 N220S (Figs. 2D, 3D , and 4B). One interpretation is that we simply have deformed the binding site so that all substrates are transported nonspecifically; however, the reduced PC transport and nonexistent PA transport suggest this NBD-PS translocation is specific. An alternative interpretation is that the conserved N220 is critical for selecting the backbone and orienting the PL headgroup for selection by other residues that restrict PS transport. This restricted-orientation hypothesis is supported by increased NBD-PS transport with nearly every N220 substitution we examined (Fig. 2D) . Further, the weak genetic suppression of drs2Δ cold sensitivity suggests that N220S permits a small amount of dually acylated PS transport (Fig. S5) , a possibility consistent with a restricted-access model of substrate selection.
Defining the mechanism of backbone discrimination should allow the design of substrate-specific enzymes, and a secondary goal of this study was to generate new technologies for the modulation of SL asymmetry. Compound alleles were generated using the single-position substitutions initially identified, revealing a double mutant (Dnf1 N220S,L1202P ) that was capable of restricting GPL transport while permitting SM transport (Fig. 4) . Curiously, a proline substitution near the exofacial aspect of TM5 was responsible for restricting PC and PE transport while also mitigating the PS transport conveyed by N220S. The Dnf1 N220S,L1202P mutant did not increase the rate of NBD-SM transport relative to Dnf1 N220S ( Fig. S7 ) but increased its specificity for the substrate. We determined that Dnf1 N220S,L1202S was unable to recapitulate the specificity of Dnf1 N220S,L1202P
; therefore we speculate that the inclusion of a proline at this position kinks TM5, thereby impacting either (i) the packing around the entry gate or (ii) the pumping of the nearby TM4 through an as yet unclear mechanism. These data imply that L1202P is not a primary mechanism of backbone discrimination but is capable of modulating substrate transport. These assertions are consistent with previous observations of a neighboring lysine on TM5 of ATP8A2 (41) .
Our mutational analyses and homology models of Dnf1 and Drs2 suggest that the substrate exit gate is composed of several proximal hydrophilic residues including N220, T254, D258, N550, and Y618. Given the predicted peri-cytosolic positioning of these residues, it is likely that they operate within an ordered hydrogen bond network similar to the C terminus of the Na + ,K + -ATPase (P2-ATPase), which coordinates the third Na + ion (54, 55) . This idea is consistent with molecular dynamic simulations of ATP8A2 homology models that suggest the presence of a water network in this region (40) . However, controversy still exists regarding the orientation of the PL substrate and its pathway through the membrane.
We believe that our constellation of substrate-discriminatory residues suggests that, during recognition at the exit gate, TM1 N220 coordinates substrate backbone, which orients the PL headgroup toward TM2 and TM4 with the acyl chains directed toward TM3 (Fig. 4A, Inset) . This orientation is different from that suggested by SERCA crystal structures with PE (Fig. 3A,  Inset) but is supported by a cluster of TM2 and TM4 residues that have been demonstrated primarily to alter headgroup selection and a TM3 residue that strongly influences acyl chain recognition. This head-to-tail orientation suggests that with the strong influence of N550 on discriminating lyso-PL from diacyl-PL, the acyl chains likely protrude past TM3 and into the hydrophobic bilayer (Fig. 4A, Inset) . We suggest that an "asparagine clamp," formed by N220 and N550, positions the glycerol backbone and acyl chains in the appropriate restricted orientation for substrate selection. Although this hypothesis is based on substrate transport data and not on binding or crystallography experiments, our data and interpretations are compatible with previous yeast and mammalian computational simulations and molecular studies (37, 40, 41) .
Directional substrate transport to the cytofacial exit gate through the membrane bilayer would require regulated binding at this site. Extensive structural analyses of P2-ATPases have revealed dramatic vertical movements of TMs 1, 2, and 4 as a function of ATP hydrolysis (56) . The formation of a substrate-selective pocket within these segments suggests that classical P-type ATPase pumping of these helices may work in conjunction with a hydrophobic barrier to direct the regulation of the exit gate (40) .
In conclusion, our forward gain-of-function genetic approach has identified a single-residue substitution with the ability to convert a GPL flippase into one that will translocate an SL. These findings in combination with structural modeling have refined our understanding of how these enzymes achieve substrate selection. Further, we have produced a compound allele of Dnf1 that achieves unparalleled specificity for SM transport. We predict these observations and new technologies will be critical to understanding the influence of asymmetry on cellular membrane biology.
Materials and Methods
Reagents. All reagents were purchased from Sigma Aldrich unless otherwise noted. NBD-PLs were purchased from Avanti Polar Lipids.
Strains and Culture. Plasmids and strains used in this study are listed in Tables S1 and S2, respectively. Strains were maintained with glucose on standard rich medium (yeast extract, peptone, dextrose; YPD) or synthetic minimal medium (SD). All strains were cultured at 30°C unless otherwise specified. Yeast transformations were performed using the lithium acetate method.
Mutagenesis and Molecular Cloning. The Dnf1 mutagenesis library was generated through error-prone PCR as described previously (38, 39) . SM + validation involved extraction of pRS313-Dnf1 SM+ alleles from clonal lines (see Flow Cytometry, below) via zymolase treatment and plasmid DNA purification (Promega). Novel mutations were introduced using Q5 Site-Directed Mutagenesis (New England Biolabs). Compound alleles were generated by combining coding substitutions using Gibson Assemblies (New England Biolabs).
NBD-PL Administration. NBD-PL uptake was performed as described previously (36, 39) . Briefly, overnight cultures were subcultured to 0.15 OD 600 /mL and cultured to midlog phase; then 500 μL of cells were pelleted per sample. The desired NBD-PL was solubilized in 100% ethanol and added to ice-cold SD medium at a final concentration of 2 μg/mL; final ethanol volumes were ≤0.5%. Cells were resuspended with SD + NBD-PL and incubated on ice for 30 min (unless otherwise stated). Cells were washed twice with ice-cold SA medium [SD + 2% (wt/vol) sorbitol + 20 mM NaN 3 ] supplemented with 4% (wt/vol) fatty acid-free BSA, washed once with SA medium, resuspended in SA medium + 5 μM propidium iodide, and sorted or analyzed immediately. The sequence of substrate administration and sample processing was varied in each experiment to mitigate potential positional bias.
Flow Cytometry. Sorting experiments were performed using a BD FACSAria III (BD Biosciences) running FACSDiva 6.1.3. Forward and side scatter were used to isolate single-cell populations, propidium iodide was used to exclude dead cells, and NBD-SM uptake was measured using the FITC filter set (a 530/30 band-pass filter with a 525 long-pass filter). Roughly 20,000 cells were sorted per run, and the top 1-2% were collected in SD medium + 50 μg/mL ampicillin (AMP) and were cultured. Primary sorted populations were grown to midlog phase, administered NBD-SM as described above, and resorted a second time. Secondary sorted populations were collected again in SD medium + AMP, serial diluted in SD medium + AMP, and plated. Ninety-six colonies were selected for validation. Analytical flow cytometry was performed using a three-laser BD LSRII (BD Biosciences) running FACSDiva 6.1.3. NBD-PL fluorescence was measured as outlined above. At least 10,000 events were measured per replicate.
Data Analysis. For all flow cytometry experiments, at least three independent transformants were collected per genotype and were assessed in parallel. dnf1,2Δ cells transformed with vector (ev S ) were subtracted from each value
